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1. Introduction 
Protein methylase II (S-adenosyl-L-methionine: 
protein carboxyl-0methyl-transferase, EC 2.1 .I .24) 
catalyses the transfer of the methyl group from S- 
adenosyl-L-methionine (AdoMet) to free carboxyl 
groups (Asp and/or Glu) of a protein [ 11. The enzyme 
thus neutralizes negatively charged free carboxyl 
residues by the production of methyl esters, which 
are chemically unstable and are hydrolyzed enzymat- 
ically [2] or spontaneously [3] at neutral or alkaline 
pH, yielding methanol. Although the enzyme is widely 
distributed in prokaryotic and eukaryotic cells, its 
role is well defined only in the case of bacterial 
chemotaxis [4,5]. Methyl-accepting proteins have 
been found in various tissues such as adrenal medulla 
[6], leukocytes [7], red blood cells [8], blood platelets 
[9], parotid [lo] and pituitary [l I] glands as well as 
in mammalian spermatozoa [ 121. We describe here 
the enzymatic methylation of five different enveloped 
viruses: Rous sarcoma virus (RSV), Friend virus, 
mouse sarcoma virus (MSV), mouse leukemia virus 
(MLV) and mouse mammary tumor virus (MMTV) 
in vitro by a purified protein methylase II from chick 
embryos. Among the seven purified viral proteins of 
RSV only the two external glycoproteins gp 80 and 
gp 35 can be methylated in vitro. 
2. Material and methods 
Growth of chick embryo fibroblasts (CEF), prep- 
aration of cell-free extracts, production and purifica- 
tion of RSV SR, were as described earlier [21]. 
Radioactive RSV was produced by adding 0.25 &i/ 
ml of a mixture of 14C-labelled amino acids (1.75 
ElsevierlNorth-Holland Biomedical Press 
mCi/mg amino acids) to a culture of RSV-transformed 
CEF. The medium used was Eagle’s MEM with 2% of 
newborn calf serum, and the amino acid concentra- 
tion was lowered by 9% during labelling. 
Gel filtration of viral proteins: a purified [‘“Cl- 
labelled virus pellet (10 mg of proteins corresponding 
to 260 000 cpm) was solubilized in 1.5 ml of 8 M 
guanidine hydrochloride (GuHCl) containing 2% 
/3-mercaptoethanol and 50 mM Tris-HCl pH 8.5 for 
1 h at 6O’C. Chromatography was performed as 
described by Fleissner [ 181 on a bio-gel A 5 m column 
equilibrated with 6 M GuHCl containing 1% fl-mer- 
captoethanol and 50 mM sodium phosphate buffer 
pH 6.5. Fractions of 500 ~1 were collected and 25 ~1 
of each fraction counted. The pooled fractions cor- 
responding to the viral proteins were dialyzed first 
against a small volume of 2.5 mM sodium phosphate 
buffer pH 7.5 containing 1% fl-mercaptoethanol, then 
overnight against increasing volumes of the same buff- 
er containing 10 mM /3-mercaptoethanol. Under these 
conditions important precipitation of proteins was 
avoided. The fractions were then centrifuged at 
8000 X g for 5 min, freeze-dried and the residues dis- 
solved in distilled water containing 10 mM fl-mer- 
captoethanol. The fractions were centrifuged again, 
and the proteins [22] and the radioactivity determined 
in the supernatant which contained the viral proteins. 
PM II was purified from 45 (11 -day-old) chick 
embryos (2.5 g of proteins). After homogenizing in 
5 mM sodium borate buffer pH 9.3 containing 1 mM 
EDTA, and 2.5 mM P-mercaptoethanol, the material 
was centrifuged at 100 000 X g for 1 h. The super- 
natant was brought to 25% saturation with (NH4)$04 
at 0°C after 3 h, the precipitate was removed and the 
supernatant brought to 60% saturation. 
The precipitate formed in 3 h was suspended in 
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5 mM sodium phosphate buffer pH 8.0 containing 
1 mM EDTA and 2.5 mM /3-mercaptoethanol and 
applied to a Sephadex G-100 column (90 X 4.5 cm) 
equilibrated in the same buffer. The active fractions 
were pooled, freeze-dried, and treated batchwise with 
DEAE Sephadex A50 in borate buffer [ 141. The four 
washings with 100 mM NaCl in the same buffer were 
then freeze-dried and dialyzed against sodium phos- 
phate buffer containing 40% glycerol. The enzyme 
was purified 1 lo-fold with an overall yield of 17%. 
PM II was assayed by the method of Kim and Paik 
[ 1 ] : 100 l.(g of y-globulins (Sigma) or 50 1.18 of purified 
RSV, 10 1.t1 of 0.05 M citrate buffer pH 6.0,2.5 /&i 
of [3H]AdoMet (5 Ci/mmol, The Radiochemical 
Centre, Amersham) or 2.5 PCi of [14C]AdoMet (50 
mCi/mmol, Commissariat g 1’Energie Atomique, 
France), 60 pg of proteins of a 12 000 X g super- 
natant from a CEF crude extract or 1.5 units of puri- 
fied PM II in a total volume of 100 ~1 were incubated 
for 30 min at 37°C. The reaction was stopped by 
adding 1 ml of water, immediately followed by 1 ml 
of 50% trichloroacetic acid (TCA). The precipitate 
was recovered on GF/C filters as described earlier 
POI. 
3. Results and discussion 
As shown in table 1 RSV particles are as good a 
substrate as y-globulins for CEF protein methylase II 
(PM II). No PM II activity was detected when RSV 
was used as enzyme source. Furthermore RSV could 
not be methylated by the two other methylases, PM I 
(S-adenosyl methionine: protein arginine methyl- 
transferase EC 2.1 .1.23) and PM III (S-adenosyl 
methionine: protein lysine methyltransferase EC 
2.1 .1.25). Methylation of the virus by PM II was 
inhibited by S-adenosyl-L-homocysteine (AdoHcy), 
the natural inhibitor of all methyl transferases [13] 
and no stimulation was observed when the activity 
was measured in the presence of a nonionic deter- 
gent which disrupts viral @articles. This result suggests 
that methylated proteins are external, thus accessible 
to the enzyme in the intact particle. 
In order to have a larger amount of enzyme, PM II 
was partially purified from chick embryos by a stan- 
dard procedure [ 141. In this enzyme preparation, 
purified 1 lo-fold, the endogenous methylation was 
reduced to about 10%. The kinetic constants were as 
follows: Km AdoMet 1.5 PM; Ki AdoHcy 0.7 /JM; Ki 
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Table 1 
Methylation of r-globulins and RSV by a crude CEF extract 
Substrate PAdoHcy +AdoHcy 
cpm cpm 
y-globulins 100 pg 
No substrate 
RSV 50 1.18 
RSV without CEF extract 
RSV + 0.2% triton 
x-100 
1580 245 
673 199 
1244 285 
62 45 
1325 
20 ~1 (60 pg proteins) of a 12 000 X g supernatant from a 
CEF crude extract were used as enzyme source and incubated 
with 2.5 PCi of [3H]AdoMet and substrates as indicated 
(concentration of AdoHcy: 100 bM). Results are expressed 
in cpm 
Sinefungin [ 151 0.9 FM; compound 9145 [ 1510.08 
PM; and SIBA [16] >6000 PM. Purified RSV and 
four other enveloped oncogenic RNA viruses could be 
methylated in vitro by this enzyme. The specific 
activities expressed as pmol methyl groups incor- 
porated/mg of virus were: MSV 142; MLV 166; 
MMTV 94; Friend virus 222. 
The carboxyl methyl esters formed enzymatically 
are known to be unstable at neutral or alkaline pH 
[3]. The high instability of the RSV methyl ester is 
shown in table 2. 50% of the methyl esters were 
hydrolyzed in 1 h at pH 6 at 20°C and 95% at pH 9 
under the same conditions. In 10% TCA and at pH 3 
the ester is quite stable. 
RSV contains 9 major polypeptide components 
[17]. Two external glycoproteins: gp 80 and gp 35, 
five structural proteins: p 27, p 19, p 15, p 12, p 10 
and the two subunits of reverse transcriptase p 92 (0) 
and p 62 (a). 
To determine whether the methyl acceptor pro- 
teins of RSV are glycoproteins, particles labelled with 
a mixture of [14C]amino acids were disrupted by 8 M 
GuHCl at 70°C and the viral proteins purified by gel 
filtration in the presence of 6 M GuHCl [ 181 (fig. 1). 
Each of the seven fractions were dialyzed and freeze- 
dried. The fractions were then tested in vitro as 
subtrates of partially purified PM II. As expected, 
the main methyl acceptor proteins were the two 
envelope glycoproteins, both with a specific activity 
of 1400 pmol/of [‘4C]methyl group incorporated/mg 
glycoprotein in 30 min at 37°C (fig.2a). This activity 
is seven-fold higher than the activity measured with 
the whole particles. Fig.2b shows that gp 80 is the 
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Table 2 
Stability of the viral carboxymethyl ester 
Incubation time 
(h.) 
10% TCA Percentage of residual activity 
(PH) 
3.0 4.5 6.0 9.0 
1 98 95 62 51 5 
2 91 91 55 38 4 
3 91 86 51 37 2 
4 89 68 41 21 1 
20 89 12 41 21 1 
Purified RSV (150 pg viral protein) was enzymatically methylated with 10 WCi of 
[“‘C]AdoMet (50 mCi/mmol,Commissariat a 1’Energie Atomique, Saclay, France) 
and 15 units of purified PM II (1 unit catalyzes the transfer of 1 pmol of [“Cl- 
CH, in 30 min) in a total volume of 1.1 ml. The reaction was stopped by 1 mM 
AdoHcy and the mixture divided in four parts. Each part was incubated simul- 
taneously in the following buffer solutions at 20°C: 0.25 M citrate pH 3.0 and 4.5, 
0.25 M citrate-phosphate pH 6.0,0.25 M Tris-HCl pH 9.0, and 10% TCA. At the 
indicated times, of each mixture 25 nl were taken, precipitated with 50% TCA 
and the radioactivity counted. Results are expressed in percentage of remaining 
radioactivity (100% radioactivity represents 150 cpm) 
10 20 30 40 50 60 70 80 90 100 
FRACTION 
Fig.1. Gel filtration of [14C]RSV proteins in the presence of 6 M GuHCl. Fractions No. 24-36 correspond to gp 35, No. 31-44 
to gp 80, No. 52-62, No. 66-15 to p 19 + p 15, No. 78-87 to p 12 and No. 88-97 to p 10. (For experimental details see sec- 
tion 2). 
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best substrate among the five different proteins tested. 
As gp 35 purified by the filtration method is not 
entirely free of gp 80 [ 181 it is difficult to speculate 
about the number of methylation sites in the two 
glycoproteins individually. 
Electrophoretic analysis of the in vitro methylated 
virus was also tempted. As the methyl ester is stable 
only under acidic conditions, the method of Gagnon 
et al. was used [6]. Electrophoresis was performed in 
the presence of Ncetylpyridinum chloride (CPC) as 
detergent in 3% acetic acid. The four proteins p 27, 
p 19, p 15 and p 12 migrated in the gel but the radio- 
active proteins remained at the origin. [3H]Glucos- 
amine-labelled glycoproteins of RSV analyzed under 
the same conditions behave identically. This phenom- 
enon is probably due to the precipitation of glyco- 
proteins in the presence of CPC. 
The physiological role of enzymatic methylation 
of carboxyl groups is well established in the case of 
bacterial chemotaxis [5]. In eukaryotic cells, this 
kind of methylation seems to concern signal trans- 
duction and control of cell behaviour [5]. The methyl- 
ation of enveloped viruses seems to be general since 
five different viruses could be methylated by PM II, in 
vitro. The fact that only the two glycoproteins among 
the viral proteins can be methylated, suggests a role 
for this modification in the life cycle of the virus. 
Recent studies have shown that purified glycopro- 
teins from different viruses bind specifically to sites 
on cell membranes with high affinity [ 19,201. A 
possible role of the methylation of virus glycopro- 
teins can be the regulation of this binding by neutral- 
ization of the negatively charged free carboxyl groups. 
Acknowledgements 
The authors are grateful to Professor E. Lederer 
for helpful discussions and critical reading of the 
manuscript. 
This work was supported by grants from DGRST 
7872656, INSERM 52-77 and from the Ligue Natio- 
nale Frarqaise contre le Cancer. We thank Dr. J. C. 
Chermann (Institut Pasteur, Paris) for supplying 
MMTV and MLV and Dr. D. Barbieri (Institut Gustav 
Roussy, Villejuif) for purified Friend virus. 
References 
PI 
[21 
[31 
[41 
151 
[61 
[71 
PI 
191 
WI 
illI 
il.21 
[I31 
1141 
t151 
1161 
iI71 
[I81 
v91 
[TOI 
WI 
WI 
Kim, S. and Paik, W. K. (1970) J. Biol. Chem. 245, 
1807-1813. 
Gagnon, C. (1979) Biochem. Biophys. Res. Commun., 
88,847-853. 
Axelrod, J. and Daly, J. (1965) .I. Science 150, 
892-893. 
Kort, E. N., Goy, M. F., Larsen, S. H. and Adler, J. 
(1975) Proc. Natl. Acad. Sci. USA 72, 3939-3943. 
Springer, W. R., Gay, M. F. and Adler, J. (1979) 
Nature 280,279-284. 
Gagnon, C., Viveros, 0. H., Diliberto, E. J. jr and 
Axelrod, J. (1978) J. Biol. Chem. 253,3778-3781. 
O’Dea, R. F., Viveros, 0. H., Axelrod, J., Aswanikumar, 
S., Schiffmann, E. and Corcoran, B. A. (1978) Nature 
272,462-464. 
Galletti, P., Paik, W. K. and Kim, S. (1978) Biochemistry 
17,4272-4276. 
O’Dea, R. F., Viveros. 0. H., Acheson, A., Gorman, C. 
and Axelrod, J. (1978) Biochem. Pharmacol. 27, 
679-684. 
Strittmatter, W. J., Gagnon, C. and Axelrod, J. (1978) 
Pharmacol. Exp. Ther. 207,419-424. 
Kim, S., Wasserman, L., Lew, B. and Paik, W. K. (1975) 
J. Neurochem. 24,625-629. 
Paik, W. K. and Kim, S. (1971) Science 174,114-119. 
Zappia, V., Schlenk, F. and ZydekCwick, C. R. (1969) 
J. Biol. Chem. 244,4499-4509. 
Kim, S. (1973) Arch.Biochem. Biophys. 157,476-484. 
Hamill, R. L. and Hoehn, M. M. (1973) J. Antibiotics, 
26,463-465. 
Hildesheim, J., Hildesheim, R. and Lederer, E. (1971) 
Biochimie 53,1067-1071. 
Bolognesi, D. P., Montelaro, R. C., Frank, H. and 
Schafer, W. (1978) Science 199,183-186. 
Fleissner, E. (1971) J. Virol. 8,778-785. 
De Larco and Todaro, G. J. (1976) Cell 8,365-371. 
Moldow, C. F., Reynolds F. H. jr, Lake, J., Lundberg, 
K. and Stephenson,J. R. (1979) Virology 97,448-453. 
Pierr& A., Berneman, A., Vedel, M., RobertG&ro, M. 
and Vigier, P. (1978) Biochem. Biophys. Res. Commun. 
81,315-321. 
Lowry, 0. M., Rosebrough, N. J., Farr, A. L. and 
Randall, R. J. (1951) J. Biol. Chem. 193,265-275. 
Fig.2. Methylation of various substrates by PM II purified from chick embryo. (a) Increasing amounts of proteins were incubated 
in the standard assay mixture described above, with 15 units of PM II and 2.5 PCi [14C]AdoMet. The extent of methylation was 
determined as usual. -A-A, bovine serum albumin (Sigma); a--a, ribonuclease (Sigma); m-m, ovalbumin (Sigma); o-o, r-globulins 
(Sigma); l -e RSV; o-o, purified gp 80. (b) Increasing amounts of purified viral proteins (see Fig.1) were incubated with 15 units 
of purified PM II and 2.5 PCi [14C]AdoMet and the extent of methylation was determined. Radioactivity due to labelled proteins 
was deduced from each value. This background represents no more than 10% of total counts in the case of the two glycoproteins. 
e-e, gp 80; o-o, gp 35; n -m, p 27; A-A, mixture of p 19 and p 15; a-a, p 12 or p 10. 
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